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The ionic and luminous photofragments of allene excited with a single focused laser beam at 193 nm are
detected using time-of-flight mass spectrometry and dispersed emission spectroscopy, respectively. The major
ionic products detected are C3

+, C2
+, and C+. The yields of C3Hn

+ (n ) 1-3) are minor compared to the
carbon ions. For the emission spectra, the C2 Swan system (d3Πg f a3Πu), the C2 Mulliken system (D1Σu

+

f X1Σg
+), CH(A2∆ f X2Π), and an atomic line corresponding to the C(2p3s1Po) f C(2p2 1S) transition are

the major features observed. The vibrational population in the C2(d3Πg) state is found inverted to a thermal
equilibrium distribution. The laser-power dependence of each photofragment is measured, from which
multiphoton dissociation and ionization mechanisms of allene are proposed. A kinetic model is developed to
further illuminate the photodissociation mechanisms. Although Cn

+ (n ) 1-3) ions are the major species
observed in the present photodissociation experiment, C3Hn

+ (n ) 1-4) are most abundant in the electron
impact of allene. The hydrogen elimination and carbon-carbon bond rupture in the photodissociation of
allene at 193 nm, with Cn and C3Hn (n ) 1-3) photofragments, are concluded to precede the competing
multiphoton ionization process, in producing C3H4

+, within the laser flux (<2.7 × 1026 photons cm-2 s-1)
used in this experiment.

1. Introduction

Allene (H2CdCdCH2) is an important hydrocarbon in
combustion chemistry and astrophysics because of its role as a
precursor of many key species, such as C3H3, C3H2, C3H, and
C3. For instance, C3H3 has been discovered to play a role in
soot formation in combustion processes.1-3 C3H2 and C3H have
been observed in many interstellar mediums.4-10 C3 is well-
known for its importance in cometary science.11 The isomer-
ization of C3Hn (n ) 1-4) among different isomers has also
attracted many theoretical and experimental studies.12-21 A
substantial body of infrared and microwave spectroscopy of
these species has been investigated in the past decades.4-10,22-27

However, electronic spectroscopy28-31 results and studies of the
photodissociation dynamics for allene and its photofragments
are scanty.

Jackson et al.32 and Sun et al.33 measured the translational
energy distribution of the photofragments of allene at 193 nm
in a molecular beam. According to their results, C3H3 and C3H2

are the major products in the primary dissociation. Under a
similar experimental condition, Song et al. reported the same
internal state distribution of C3 resulting from the photolysis of
the geometric isomers of allene and propyne using laser-induced
fluorescence spectroscopy.34 They proposed that C3 is produced
via the secondary photodissociation from the fragment of C3H2.
Mebel and co-workers performed ab initio calculations for the

electronic states of C3Hn (n ) 1-4) to investigate a variety of
dissociation channels.35,36Our most recent experimental study37

has demonstrated that the primary photodissociations of allene
and propyne are markedly different and that no isomerization
occurs in the primary process.

This study detected the ionic and luminous photofragments
of allene excited with a single focused ArF laser beam at 193
nm. According to the calculations,35 three singlet excited
electronic states of allene,1A2, 1B1, and1E could absorb 193
nm photons, and the initial excitation is to a state allowed by
vibronic interaction. An ArF laser served as a photodissociation
and ionization light source in this study. Laser-power depen-
dence measurements reveal the mechanisms accounting for the
competition between dissociation and ionization in the excited
states of allene and its photofragments. The major products
observed are neutral carbons (C, C2), carbon ions (C3+, C2

+,
C+), and the hydrocarbon of CH. The yields of the hydrocarbon
ions of C3Hn

+ (n ) 1-4) are relatively low compared with the
yields of abundant carbon ions. All the observed products are
generated by multiphoton processes. A kinetic model was
developed to interpret the laser-power dependence of each
photofragment and to illuminate the photodissociation/ionization
mechanisms of allene.

The rest of this paper is organized as follows. Section 2
describes the experimental details. Section 3 presents the
observed ionization and emission spectra and the laser-power
dependence measurement for each photofragment. Next, section
4 provides a kinetic model for the photodissociation/ionization
mechanisms of allene. Finally, conclusions are addressed in
section 5.
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2. Experiment

2.1. Time-of-Flight Spectra.The experiment for the ioniza-
tion spectroscopy of allene was performed using a time-of-flight
(TOF) mass spectrometer. The TOF spectrometer consists of
two vacuum chambers; one acts as a source chamber and the
other provides room for photodissociation/ionization/TOF (Fig-
ure 1). The source chamber was evacuated to 1.3× 10-6 Torr
employing a turbomolecular pump (Seiko Seiki, STP-H1000C)
backed with a mechanical pump (Edwards, E2M40). The
molecular beam in this chamber was controlled by a pulsed
valve (General Valve, 0.5 mm orifice) and was collimated
downstream (3 cm) by a conical skimmer (φ ≈ 1.3 mm). The
skimmed molecular beam, after a flight of 5 cm in the TOF
chamber, interacts with a focused photodissociation/ionization
laser beam. With differential pumping, the TOF chamber was
evacuated to 2.7× 10-7 Torr using another turbomolecular
pump (Seiko Seiki, STP-400). A set of Wiley-McClaren plates38

was used to accelerate ions, in the direction perpendicular to
both molecular and laser beams, through the field-free TOF tube
(50 cm). A microsphere plate (MSP, El-Mul) was used for the
ion detection. The output signals from the MSP were recorded
through the use of a digital oscilloscope (LeCroy, 9344); the
recordings were then transferred to a personal computer for data
acquisition.

The allene sample (Fluka, 90%) was vaporized and transferred
into a cylinder in a vacuum system to remove the nonvolatile
impurities. The sample was premixed with He (99.999%) to
form a 10% mixture. The stagnation pressure was maintained
at 2 atm by a pressure regulator. The purity of the mixed gas
was ensured by an electron-impact ionization/quadrupole mass
spectrometric examination. The pulse duration of the 10 Hz
molecular beam was∼180 µs. The pressure in the source and
the TOF chambers increased during operation to 1.5× 10-5

and 4.5 × 10-6 Torr, respectively. The photodissociation/
ionization laser beam (193 nm, 15 ns) is the output of an ArF
excimer laser (Lumonics, EX-742). The laser was shaped by a
circular iris (φ ≈ 1.5 cm) and focused into the chamber by a
spherical lens (f ) 25 cm). The focal area of the ArF laser was
measured to be 0.6× 0.2 mm2 with 0-5 mJ/pulse. Under these
experimental conditions, laser energy of 1 mJ corresponds to a
flux of ∼5.4× 1025 photons cm-2 s-1 in the focal region. The
time sequence between laser and molecular beams was con-
trolled by a digital delay/pulse generator (Stanford Research,
DG535).

2.2. Emission Spectra. The experiment for acquiring the

dispersed emission spectra in the photodissociation of allene
was performed in an evacuated stainless steel cell (∼103 cm3).
The pressure of the flowing allene/He mixture, measured by a
capacitance manometer (MKS, Baratron), was maintained at
∼250 mTorr. The ArF laser was focused into the cell by a lens
(f ) 20 cm). The emitted light in the photodissociation of allene
was directed at a right angle into a monochromator (Acton,
SpectraPro-500) and was detected by a charge-coupled device
(CCD) with 330× 1100 pixels (Princeton Instruments, TE/
CCD-1100PF/UV). The spectral dispersion was∼40 nm in a
window frame of the CCD; thus, the resolution is∼3.6× 10-2

nm/pixel. The spectral resolution in this experiment, however,
was determined by the slit width of the monochromator and
was measured to be 0.4-0.6 nm. A software (Princeton
Instruments, CSMA) was used for controlling the gratings and
acquiring dispersed emission spectra. Each spectrum was
averaged for 200 laser shots.

2.3. Laser-Power Dependence of Photofragments.To
derive the power dependence of the ionic photofragments, laser
energy was measured using a photodiode and was calibrated
applying an energy meter (Ophir, PE-50) at the entrance of the
vacuum chamber following each experiment. Both the signal
outputs from photodiode and MSP were integrated through the
use of boxcar averagers (Stanford Research, SR250). The
averaged signals were digitized by an A/D converter, and the
digitized conversions were recorded using a personal computer
in real time. Each data point was averaged for 10 measurements.

Specifically in the emission experiments, the power depen-
dence of the luminous C2 Swan system was measured by a
photomultiplier tube (Hamamatsu, R943-02) screened with a
glass filter (ESCO, GG-475) to collect emitting light ofλ g
475 nm. For the C2 Mulliken system, the CH(A2∆ f X2Π)
transition and the atomic transition of C(2p3s1Po) f C(2p2 1S),
laser-power dependencies were analyzed from the peak areas
in dispersed emission spectra. The laser energy was calibrated
in a similar way as the ionic photofragments were calibrated,
as previously described.

The excited photofragments, responsible for the observed
emission spectra in the present experiment, were produced via
a collisionless process. The support for this interpretation was
obtained by examining the temporal behavior of the emission.
Within the time resolution of the photomultiplier tube (rise time
of ∼3 ns), the signal directly followed the laser pulse.

3. Results

3.1. TOF Spectra.A typical TOF spectrum for the excitation
of allene at 193 nm is demonstrated in Figure 2. The major
ionic products are C3+, C2

+, and C+. The yields of C3Hn
+ (n )

1-3) are minor compared with the carbon ion yield. A small
amount of C2H+ is also observed. The signals of the parent
molecular ion (C3H4

+) and the hydrogen ion (H+) are very small
and were observed only occasionally within the laser flux (<2.7
× 1026 photons cm-2 s-1) used in this experiment.

3.2. Emission Spectra.The dispersed emission spectra taken
in the photodissociation of allene excited with a focused 193
nm laser beam are displayed in Figure 3. These spectra can be
divided into four categories:39-42 (a) the C2 Mulliken system
(D1Σu

+ f X1Σg
+) at 231 nm; (b) an atomic line corresponding

to C(2p3s1Po) f C(2p2 1S) at 247.9 nm (Figure 3a), which is
much narrower than any other band observed in this experiment;
(c) the CH(A2∆ f X2Π) transition degraded to the violet and
headed at 431 nm; (d) the most intense C2 Swan system (d3Πg

f a3Πu) from 430 to 630 nm (Figure 3b). The famous cometary
bands of C3 around 405 nm were not observed.11 The emission

Figure 1. Schematic diagram of the experimental setup for time-of-
flight mass spectrometry: MSP, microsphere plate; PD, photodiode;
S, source chamber.
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band at 231 nm has been identified as belonging to the C2

Mulliken system rather than the C2H2 A1Αu f X1Σg
+ transition

according to a simulated spectral line shape obtained by using
well-determined spectroscopic constants. The assignment for
the CH(A2∆ f X2Π) transition is also based on a simulated
line shape of the corresponding transition. Moreover, the slope
of 1.8 in the laser-power dependence for this peak is different
from that of 3.0 for the nearby C2 Swan system, as will be
discussed in section 4.2.

Each peak of the C2 Swan system can be definitely assigned
as displayed in Figure 3b.39 The spectrum primarily consists of
five vibrational sequences (i.e.,∆V ) -2, -1, 0, 1, 2)
corresponding to the transitions between the d3Πg and a3Πu

states of C2. The highest vibrational level of the C2(d3Πg) state
observed in this experiment isV′ ) 12. The relative vibrational
population distribution up toV′ ) 6 in the C2(d3Πg) state is
determined as depicted in Figure 4. The population is calculated

from the same sequence (∆V ) -1) where the peaks for analysis
are well resolved. The population is obtained from the band-
head intensities divided by the Franck-Condon factors43 and
the frequency factor ofν3. The calculated population also agrees
with the results from other sequences (∆V ) 0 and-2) where
fewer peaks were resolved. The vibrational population in C2-
(d3Πg), as depicted in Figure 4, is found to be inverted to a
thermal equilibrium distribution. The vibrational distribution
from V′ ) 7 to V′ ) 12 is not attempted in the present study
because these bands are headless and seriously overlapped each
other under the spectral resolution in this study.

3.3. Laser-Power Dependence of Photofragments.We have
measured the laser-power dependence of each ionic and
luminous photofragment. As an example, the power dependence
of the total fluorescence of the C2 Swan system is illustrated in
Figure 5a. A log-log plot of signal intensity versus laser energy
with a slope of 3.0( 0.1 is presented in Figure 5b. Similar
illustrations for selected photofragments are displayed in Figures
6-8. The power dependence measurements for the major

Figure 2. Typical time-of-flight mass spectrum of allene excited at
193 nm.

Figure 3. Dispersed emission spectra of allene excited at 193 nm.

Figure 4. Vibrational population distribution of the C2(d3Πg) photo-
fragment.

Figure 5. Laser-power dependence of the C2(d3Πg) photofragment.
The solid line in (b) is a linear fit of the experimental data.
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photofragments and the slopes from log-log plots of signal
intensity versus laser energy are summarized in Table 1. The
slopes were analyzed in the relatively low-energy region, where
the experimental data fit very closely to a straight line (e.g.,
Figure 5b).

At the limit of low laser flux, the slope from the power
dependence measurement indicates the number of photons
needed to yield the corresponding photofragment.44 This indica-
tion is not necessarily true in this experiment, however, because
of the possible optical saturation in high energy flux of the
focused laser beam. Instead, the measured photon number should
be regarded as indicating a lower limit in deducing how many

photons are involved in the reaction processes. In discussing
the power dependence of the product yields, a kinetic model
including a set of coupled differential equations appropriate for
describing the reaction mechanisms will be helpful.44 This model
was built, and we have solved the equations in section 4.1 to
illuminate the photodissociation/ionization mechanisms of al-
lene.

4. Discussion

4.1. Kinetic Model. The slope value measured from the
power dependence will not follow theIn law in an n-photon
process44 if the laser flux is beyond the low-flux limit or if other
competing channels (e.g., dissociation versus ionization) are
involved in the process. In this experiment, the observed

Figure 6. Laser-power dependencies of the C3
+, C2

+, and C+

photofragments. The solid line along C3
+ results from the simulation

with σ ) 1.8 × 10-17 cm2 for C3H2 at 193 nm excitation.

Figure 7. Laser-power dependencies of the C3H3
+ and C3H2

+

photofragments. The solid lines result from the simulation with (a)σ-
(C3H3

+) ) 5.9× 10-19 cm2, (b) σ(C3H2
+) ) 1 × 10-18 cm2, and other

parameters listed in Table 2.

Figure 8. Laser-power dependencies of the CH(A2∆) and C2(D1Σu
+)

photofragments. The solid line in (a) results from the simulation with
σ ) 6 × 10-18 cm2 for C3H3 at 193 nm excitation. The solid line in (b)
results from the simulation using the sameσ value for C3H2 in Figure
6.

Figure 9. Schematic diagram of the kinetic model (see text).
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products resulted from the photodissociation and ionization of
allene. To interpret the measured laser-power dependence, a
kinetic model based on the possible photodissociation/ionization
mechanisms of allene is proposed. A schematic diagram of the
kinetic model is depicted in Figure 9.

The parent molecule (X) absorbs one photon to reach an
excited state (A). Following the excitation, the fragmentation
of A with rate constantk1 can occur to form B or the ionization
of A by absorbing one more photon to form Ai. Other decay
channels from A, such as internal conversion, intersystem
crossing, and fragmentation to form other products, are repre-
sented by an effective rate constant,k1′. As a result of the high
power of the short-pulsed laser in the present experiment, only
the absorption and stimulated-emission processes were taken
into account; the spontaneous emission was neglected because
of its relatively slower rate. Herein, the absorption and
stimulated-emission rates are assumed to be the same. Similar
processes are proposed for the primary fragment B. The
excitation of B to C and the ionization and dissociation of C
are depicted in Figure 9. The photodissociation of Ci ions
generated from the primary fragment B was also considered.
The corresponding levels are Ci, Cf and Df as presented in Figure
9. So far, this model is sufficient to describe the power
dependence for all ionic and neutral photofragments generated
in the primary and secondary reactions in a usual UV-photolysis
experiment. In addition, a two-photon ionization process, for
the secondary fragment D was added to the model to specifically
account for the C3 + 2hν193nm f C3

+ in this experiment, as
discussed in section 4.2.1.

Under the laser excitation with homogeneous rectangular
pulse duration ofτ, the following rate equations for the levels
X, A, A i, and B were set up (Figure 9):

whereX, A, andAi are the number densities in molecular states
X, A, and Ai, respectively. The dots in equations denote the
differentiation with respect to time (e.g.,Ẋ ) dX/dt). B0 is the
initial number density of fragment B generated from A.ø )
σXF and R ) σAF represent the absorption rates, whereF is
the laser flux (photons cm-2 s-1) andσX andσA are absorption
cross sections (cm2) for molecular states X and A, respectively.
By this definition,ø, R, k, andk′ are all in the unit of s-1.

Equations 1-4 can be solved with the initial conditions of
X(0) ) X0, A(0) ) Ai(0) ) B0(0) ) 0 (i.e., at the beginning,t
) 0, only the parent molecules exist with number densityX0.).
The solutions are

In eqs 5-8,

and

Similarly, the rate equations for the primary fragment B can
be represented as

whereCi0 andD0 are the nascent number densities of the primary
ion Ci and the secondary fragment D, respectively. With the
initial conditions ofB(0) ) C(0) ) Ci0(0) ) D0(0) ) 0, the
solutions are

TABLE 1: Major Ionic and Luminous Photofragments Observed in the Photodissociation/Ionization of Allene Excited at 193
nm

photofragment slopea proposed mechanismb
photons
neededc

C3
+ 2.9( 0.1 C3H4 f C3H2 f

•
C3 w C3

+ 4

C2
+ 3.6( 0.1 C3H4 f C3H2 f

•
C3 w C3

+ f C2
+ 5

C+ 3.9( 0.1 C3H4 f C3H2 f
•

C3 w C3
+ f C+ 5

CH(A2∆) 1.3( 0.1 C3H4 f C3H3 f
•

CH(A) 2

C2(d3Πg) 3.0( 0.1 C3H4 f C3H2 f
•

C3 w C2(d) 4

C2(D1Σu
+) 1.9( 0.1 C3H4 f C3H2 w

•
C2(D) 3

C(2p3s1Po) 4.2( 0.1 C3H4 f C3H2 f
•

C3 w C(1D) f C(1Po) 5

a The slopes are measured from laser-power dependence.b f andw symbolizing one- and two-photon excitations, respectively. The dot symbol
above the arrow indicates an optical saturation in the corresponding process.c The needed photon number based on the proposed mechanisms
without optical saturation.

Ẋ ) -øX + øA (1)

Ȧ ) øX - øA - (k1 + k1′ + R)A (2)

Ȧi ) RA (3)

Ḃ0 ) k1A (4)

X )
X0

r1 - r2
[(r1 - ø) e-r2τ - (r2 - ø) e-r1τ] (5)

A )
øX0

r1 - r2
(e-r2τ - e-r1τ) (6)

Ai )
RøX0

r1 - r2
(1 - e-r2τ

r2
- 1 - e-r1τ

r1
) (7)

B0 )
k1øX0

r1 - r2
(1 - e-r2τ

r2
- 1 - e-r1τ

r1
) (8)

r1 ) 1
2
[(2ø + k1 + k1′ + R) + x4ø2 + (kl + k1′ + R)2] (9)

r2 ) 1
2
[(2ø + k1 + k1′ + R) - x4ø2 + (kl + k1′ + R)2] (10)

Ḃ ) k1A - âB + âC (11)

Ċ ) âB - âC - (k2 + k2′ + γ)C (12)

Ċi0 ) γC (13)

Ḋ0 ) k2C (14)

B )
k1øX0

s1 - s2
[ (s1 - â) e-s2τ

(r1 - s2)(r2 - s2)
-

(s2 - â) e-s1τ

(r1 - s1)(r2 - s1)] +

k1øX0

r1 - r2
[(s1 + s2 - â - r2) e-r2τ

(s1 - r2)(s2 - r2)
-

(s1 + s2 - â - r1) e-r1τ

(s1 - r1)(s2 - r1) ]
(15)
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where

and

If the photofragment D is ionized with a two-photon excitation
(Figure 9), the rate equations for D and Di can be written as

and

With the initial conditions ofD(0) ) Di(0) ) 0, the solutions
are

For the subsequent photodissociation fromCi (Figure 9), we
have

With the initial conditions ofCi(0) ) Cf(0) ) Df(0) ) 0, the
solutions are

C )
k1âøX0

s1 - s2[ e-s2τ

(r1 - s2)(r2 - s2)
- e-s1τ

(r1 - s1)(r2 - s1)] +

k1âøX0

r1 - r2[ e-r2τ

(s1 - r2)(s2 - r2)
- e-r1τ

(s1 - r1)(s2 - r1)] (16)

Ci0 )
k1âγøX0

s1 - s2 [ 1 - e-s2τ

s2(r1 - s2)(r2 - s2)
- 1 - e-s1τ

s1(r1 - s1)(r2 - s1)] +

k1âγøX0

r1 - r2 [ 1 - e-r2τ

r2(s1 - r2)(s2 - r2)
- 1 - e-r1τ

r1(s1 - r1)(s2 - r1)] (17)

D0 )
k1k2âøX0

s1 - s2 [ 1 - e-s2τ

s2(r1 - s2)(r2 - s2)
-

1 - e-s1τ

s1(r1 - s1)(r2 - s1)] +
k1k2âøX0

r1 - r2 [ 1 - e-r2τ

r2(r2 - s1)(r2 - s2)
-

1 - e-r1τ

r1(r1 - s1)(r1 - s2)] (18)

s1 ) 1
2
[(2â + k2 + k2′ + γ) + x4â2 + (k2 + k2′ + γ)2]

(19)

s2 ) 1
2
[(2â + k2 + k2′ + γ) - x4â2 + (k2 + k2′ + γ)2]

(20)

Ḋ ) k2C - δD (21)

Ḋ ) δD (22)

D ) k1k2âøX0[ e-δτ

(r1 - δ)(r2 - δ)(s1 - δ)(s2 - δ)] +

k1k2âøX0

s1 - s2 [ e-s2τ

(δ - s2)(r1 - s2)(r2 - s2)
-

e-s1τ

(δ - s1)(r1 - s1)(r2 - s1)] +

k1k2âøX0

r1 - r2 [ e-r2τ

(δ - r2)(s1 - r2)(s2 - r2)
-

e-r1τ

(δ - r1)(s1 - r1)(s2 - r1)] (23)

Di ) k1k2âøX0[ 1 - e-δτ

(r1 - δ)(r2 - δ)(s1 - δ)(s2 - δ)] +

k1k2âδøX0

s1 - s2 [ 1 - e-s2τ

s2(δ - s2)(r1 - s2)(r2 - s2)
-

1 - e-s1τ

s1(δ - s1)(r1 - s1)(r2 - s1)] +

k1k2âδøX0

r1 - r2 [ 1 - e-r2τ

r2(δ - r2)(s1 - r2)(s2 - r2)
-

1 - e-r1τ

r1(δ - r1)(s1 - r1)(s2 - r1)] (24)

Ċi ) γC - φCi + φCf (25)

Ċf ) φCi - φCf + (k3 + k3′)Cf (26)

Ḋf ) k3Cf (27)

Ci )
k1âγøX0

u1 - u2
[ (u1 - φ) e-u2τ

(r1 - u2)(r2 - u2)(s1 - u2)(s2 - u2)
-

(u2 - φ) e-u1τ

(r1 - u1)(r2 - u1)(s1 - u1)(s2 - u1)] +

k1âγøX0

s1 - s2
[ (u1 + u2 - φ - s2) e-s2τ

(r1 - s2)(r2 - s2)(u1 - s2)(u2 - s2)
-

(u1 + u2 - φ - s1) e-s1τ

(r1 - s1)(r2 - s1)(u1 - s1)(u2 - s1)] +

k1âγøX0

r1 - r2
[ (u1 + u2 - φ - r2) e-r2τ

(s1 - r2)(s2 - r2)(u1 - r2)(u2 - r2)
-

(u1 + u2 - φ - r1) e-r1τ

(s1 - r1)(s2 - r1)(u1 - r1)(u2 - r1)] (28)

Cf )
k1âγφøX0

u1 - u2 [ e-u2τ

(r1 - u2)(r2 - u2)(s1 - u2)(s2 - u2)
-

e-u1τ

(r1 - u1)(r2 - u1)(s1 - u1)(s2 - u1)] +

k1âγφøX0

s1 - s2 [ e-s2τ

(r1 - s2)(r2 - s2)(u1 - s2)(u2 - s2)
-

e-s1τ

(r1 - s1)(r2 - s1)(u1 - s1)(u2 - s1)] +

k1âγφøX0

r1 - r2 [ e-r2τ

(s1 - r2)(s2 - r2)(u1 - r2)(u2 - r2)
-

e-r1τ

(s1 - r1)(s2 - r1)(u1 - r1)(u2 - r1)] (29)
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where

and

In the preceding equations,ø, R, â, γ, δ, andφ are associated
with laser flux and absorption cross sections. The laser pulse
duration (τ), laser flux, and the number density of parent
molecules (X0) are derived from the experimental condition. If
the absorption cross sections and rate constants (k andk′) are
known, the yield of each photofragment relating to the applied
laser energy can be calculated from the preceding equations. In
case only partial parameters are known, computer simulation
for the kinetic model, in comparison to experimental data, can
still provide qualitative information concerning branching
reactions.

To apply the kinetic model to the photodissociation/ionization
of allene (C3H4), we set X) C3H4, Ai ) C3H4

+, B ) C3H3 or
C3H2, Ci ) C3H3

+ or C3H2
+. Level A may correspond to the

S1 or S2 electronic state of C3H4, as discussed by Jackson et
al.35 The primary photofragment is either C3H3 or C3H2, on the
basis of the observation by Jackson et al.32 and Sun et al.33 Level
C can be an excited electronic state of C3H3 or C3H2. According
to Jackson et al.,32 the secondary photodissociation of allene
with the primary photofragment of C3H3 can lead to C3H2 +
H, C3H + H2, and C2H2 + CH. The secondary photodissociation
of allene via C3H2 results in C3 + H2, C2H + CH, and C2H2 +
C. Any of these photofragments can be defined as D in this
model. As mentioned earlier, Di is specifically designed to
represent the most abundant ionic fragment of C3

+ in this study,
which comes from C3 with a two-photon excitation as will be
discussed in section 4.2.1.

4.2. Photodissociation and Ionization Mechanisms.This
section proposes the photodissociation/ionization mechanisms
of allene that lead to the formation of the observed ionic and
luminous products. The feasibility of the proposed photodisso-
ciation/ionization processes is decided exclusively from the
thermodynamic point of view. In other words, the proposed
reaction processes were selected without considering activation
energy. The multiphoton energy available in the reactions was
determined from the power-dependence experiments. For ex-
ample, the measured power dependence of the C2(d3Πg) state
indicates that at least three photons are involved in the reaction.
The study examines the possible reaction channels for C3H4

leading to the simultaneous or sequential formation of C2(d3Πg)
with three-photon excitation. If no appropriate reaction channels
can be suggested under the constraint of three-photon steps, the
study seeks a four-photon excitation on the assumption that there
is an optical saturation in a particular process. The assumption
is examined later by simulating laser-power dependence using
the kinetic model derived in section 4.1.

4.2.1. C3
+. The possible precursors for the most abundant

ionic product, C3+, in the photodissociation/ionization of C3H4

are

and

∆H’s are calculated from the energies of the neutral species
and the experimental ionization potential of C3. The energies
of the neutral species are adopted from the ab initio values
reported by Mebel et al.36 The adiabatic ionization potential of
C3 is less certain. Rohlfing et al. measured the ionization
potential of C3 (9.98-11.61 eV) using the photoionization of
carbon clusters with TOF mass analysis.45 Ramanathan et al.
have determined the ionization potential of C3 (12.97 ( 0.1
eV) through the use of charge-transfer methods.46 However,
Lemire et al. reported an upper limit (12.0 eV) for the adiabatic
ionization potential of C3 from resonant ionization spectra of
jet-cooled C3.47 This study takes the value of 12.0 eV for
analysis.

Examining the precursors in eqs 34-37, at least three photons
(193 nm≈ 6.42 eV) are needed to produce C3

+ from C3Hn (n
) 1-4). However, any two-photon excitation of C3Hn in this
experiment can lead to the formation of C3Hn

+ [IP(C3H4) )
9.69 eV,48 IP(C3H3) ) 8.67 eV,49 IP(C3H2) ) 10.43 eV,29 IP-
(C3H) ) 9.06 eV15]. According to the electron-impact ionization
mass spectrum of allene,50 the relative abundance of the ionic
fragments is C3H4

+/C3H3
+/C3H2

+/C3H+ ) 100.0/89.6/34.4/27.0,
where the C3Hn

+ ions are considerably stable under the
collisionless condition in a vacuum. In view of the weak C3Hn

+

and strong C3+ signals in the present experiment (Figure 2),
C3Hn is unlikely to be the precursor of C3+. Instead, C3+ is
likely to be ionized from C3 with a two-photon excitation as
represented in eq 33.

Song et al. measured the internal-state population distribution
of C3 from the photolysis of allene at 193 nm.34 According to
their results, C3 is populated in the (0, 0, 0) and (0, 1, 0)
vibrational states of the ground electronic potential. Jackson and
co-workers proposed the mechanism for producing C3 as
expressed in the following:34,35

and

On the basis of this mechanism and the argument that C3
+ is

ionized from C3, the conclusion is that C3+ resulted from the

Df )
k1k3âγφøX0

u1 - u2 [ 1 - e-u2τ

u2(r1 - u2)(r2 - u2)(s1 - u2)(s2 - u2)
-

1 - e-u1τ

u1(r1 - u1)(r2 - u1)(s1 - u1)(s2 - u1)] +

k1k3âγφøX0

s1 - s2 [ 1 - e-s2τ

s2(r1 - s2)(r2 - s2)(u1 - s2)(u2 - s2)
-

1 - e-s1τ

s1(r1 - s1)(r2 - s1)(u1 - s1)(u2 - s1)] +

k1k3âγφøX0

r1 - r2 [ 1 - e-r2τ

r2(s1 - r2)(s2 - r2)(u1 - r2)(u2 - r2)
-

1 - e-r1τ

r1(s1 - r1)(s2 - r1)(u1 - r1)(u2 - r1)] (30)

u1 ) 1
2
[(2φ + k3 + k3′) + x4φ

2 + (k3 + k3′)
2] (31)

u2 ) 1
2
[(2φ + k3 + k3′) - x4φ

2 + (k3 + k3′)
2] (32)

C3 f C3
+ + e-, ∆H ) 12.0 eV (33)

C3H f C3
+ + H + e-, ∆H ) 14.11 eV (34)

C3H2 f C3
+ + H2 + e-, ∆H ) 14.59 eV (35)

C3H3 f C3
+ + H2 + H + e-, ∆H ) 18.77 eV (36)

C3H4 f C3
+ + 2H2 + e-, ∆H ) 18.2 eV (37)

C3H4 f C3H2 + H2, ∆H ) 3.60 eV (38)

C3H2 f C3 + H2, ∆H ) 2.59 eV (39)

Photofragments of Allene J. Phys. Chem. A, Vol. 103, No. 31, 19996069



photodissociation/ionization of C3H4 via the channels of eqs 38,
39, and 33, requiring four photons in the processes (Figure 10).

Nevertheless, the power-dependence measurement of C3
+

indicates a slope of 2.9, which is approximately one unit less
than proposed (Table 1). Although the (one-photon) absorption
cross sections of C3H2 and C3 at 193 nm have not yet been
measured, 6× 10-19 cm2 has been determined for allene.31 With
this cross section and the laser flux used in this experiment,
optical saturation should not occur for allene in eq 38. As
estimated, the two-photon absorption cross section for C3 at 193
nm is 10-48-10-54 cm4 s as is usual for most molecules.51 Under
this estimation, saturation could not occur for C3 in eq 33 either.
Alternatively, saturation may occur in eq 39; i.e., the (one-
photon) absorption cross section of C3H2 at 193 nm is large.
Despite lacking the absorption value at 193 nm, the matrix-
isolation spectra for different C3H2 isomers have all shown
strong vibronic transitions around 200 nm.28 The saturation can
be further rationalized through the use of a computer simulation
( eq 24) of the power dependence of C3

+, following the
mechanisms of eqs 38, 39, and 33.

In our simulation,X0 is used as an adjusting parameter and
the dissociations in eqs 38 and 39 are assumed to take place on
the order of 1-103 picoseconds (i.e., rate constants) 109-
1012 s-1). The ionization cross sections for the electronically
excited C3H4 and C3H2 are assumed to be small (∼6 × 10-21

cm2), in accordance with the low yields of C3H4
+ and C3H2

+

observed in this experiment. The simulation result, as illustrated
in Figure 6 by the solid line along C3+, closely corresponds to
the experimental data, when the absorption cross section of C3H2

at 193 nm is set to be larger than 1.8× 10-17 cm2! This
agreement is rewarding and suggests that the optical saturation
in ref 39 indeed exists under the present experimental conditions.
The numerical values for the absorption cross sections and
dissociation rate constants used in the simulation are listed in
Table 2. Owing to lack of information about the photodisso-
ciation/ionization of allene, many absorption cross sections and
dissociation rates in the mechanisms are unknown. The simula-
tions throughout this study have been obtained mainly as “orders
of magnitude” for the parameters, as listed in Table 2.

4.2.2. C2
+, C+. The laser-power dependencies of C2

+ and
C+ are displayed in Figure 6. The rising behavior of C2

+ and
C+ presented in Figure 6 are very similar in the low-flux region,
indicating that they might be produced simultaneously from the
same precursor, C3+. The ionization potentials for C2 and C

are 11.3511 and 11.26 eV,41 respectively. The heats of formation
of C2

+ and C+ from C3
+ are

and

The energy corresponding to a single photon at 193 nm (6.42
eV) is not enough to make possible the reactions in eqs 40 and
41 if the C3

+ ions are populated in the ground state. However,
if the internal energy of C3+ exceeds 0.4 eV, both reaction
channels are energetically feasible. In the two-photon ionization
of C3 at 193 nm, at least 0.84 eV is left over. The leftover energy
can be deposited to the ejected electron or the ionized C3

+. In
the latter energy deposition, C3

+ is likely to gain its internal
energy and thus make the reactions in eqs 40 and 41 possible.

The slopes of C2+ and C+ in the power-dependence measure-
ments are approximately one unit more than that of C3

+ (Table
1), consistent with the proposed mechanism that C2

+ and C+

are generated from the one-photon excitation of internally hot
C3

+ (Figure 10). The difference in the slopes of C2
+ (3.6 (

0.1) and C+ (3.9 ( 0.1), especially at higher laser flux (Figure
6), may be attributed to further fragmentation of C2

+ (i.e., C2
+

f C + C+) in the high-flux region.
4.2.3. C3Hn

+ (n ) 1-4). The laser-power dependencies of
C3H3

+ and C3H2
+ are presented in Figure 7. The C3H3

+ and
C3H2

+ signals are more easily saturated than Cn
+ (n ) 1-3)

(Figure 6) under the present experimental condition. At a laser
energy of∼3 mJ, the C3H3

+ signal intensity becomes saturated,
but C3H2

+ begins to decrease. This clearly suggests a larger
absorption cross section for C3H2

+ than for C3H3
+ at 193 nm.

The larger cross section may trigger other reactions in C3H2
+,

resulting in the depletion of its population. The laser-power
dependence of C3H+ closely resembles that of C3H3

+ (Figure
7a), except that it becomes saturated at a slightly higher energy
level (∼3.5 mJ).

This study simulated the laser-power dependencies of C3H3
+

and C3H2
+ by using eq 28, where the photodissociations of

C3H3
+ and C3H2

+ have been included. The solid lines along
the experimental data points in Figure 7 denote the simulation
results. The correlation is good whenσ(C3H3

+) ) 5.9× 10-19

cm2 andσ(C3H2
+) ) 1.0 × 10-18 cm2 are assumed (Table 2).

The absorption cross section for C3H2
+ at 193 nm is indeed

greater than that for C3H3
+, as mentioned earlier.

The yields of C3Hn
+ (n ) 1-3) are relatively low (Figure

2). The signal of C3H4
+ is even smaller. In contrast, the relative

abundance in the electron-impact ionization of allene50 is C3H4
+/

C3H3
+/C3H2

+/C3H+ ) 100.0/89.6/34.4/27.0, in which the parent
ion is most abundant. The distinctively different experimental
results between the laser-induced dissociation/ionization at 193
nm and the electron-impact ionization reveal that the dissociation
of C3Hn (n ) 1-4) is more favorable in competing against the
multiphoton ionization process within the laser energy used in
this experiment.

The lack of C3H4
+ signal in the two-photon ionization of C3H4

could be due to (a) extremely weak transition moment, (b) fast
dissociation in the intermediate state, or (c) fast fragmentation
of C3H4

+. The simulation discovered thatR < 106 s-1 (Figure
9), which is much smaller than the dissociation rates of the
excited C3H4 (109-1012 s-1). Therefore, both (a) and (b)
appropriately account for the very weak C3H4

+ signal. Although
the appearance potential of C3H3

+ determined from the photo-
ionization of allene is 12.27 eV,50 which suggests that the

Figure 10. Energy diagram for the reaction channels from C3H4 via
C3H2. Arrows are used to scale a single-photon energy at 193 nm.
Chemical species are located at their ground states unless otherwise
specified.

C3
+ f C2

+ + C, ∆H ) 6.81 eV (40)

C3
+ f C2 + C+, ∆H ) 6.78 eV (41)
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reactions of C3H4 + 2hν193nm f C3H4
+ f C3H3

+ + H are
energetically feasible, the fast fragmentation of C3H4

+ under
the collisionless condition in a vacuum seems less probable, as
discussed in section 4.2.1.

4.2.4. CH(A2∆). In the primary photodissociation of allene
at 193 nm measured using translational spectroscopy, Jackson
et al. observed that the internal energy distribution of C3H3

peaked at 2.4 eV.32 Energetically, the formation of CH(A2∆)
can be realized with two-photon (193 nm) excitation of allene
via the internally hot C3H3 of 2.4 eV, as follows.

and

The large amount of internal energy in C3H3 makes the
formation of CH at X2Π or A2∆ via eq 43 energetically possible
(Figure 11). For CH (A2∆), the slope of 1.3 in the power-
dependence measurement, rather than 2 expected from eqs 42
and 43, could be a consequence of partial saturation in eq 43.
This would further suggest that the absorption cross section (at
193 nm) of internally hot C3H3 is larger than 6× 10-19 cm2 of
allene. This suggestion is indirectly supported by a recent
measurement52 that the propargyl radical (C3H3) has an absorp-
tion cross section of 1.2× 10-17 cm2 at 242 nm (π* r π), and
several otherπ* r π andπ* r p transitions are calculated to
be located in the spectral range 120-200 nm. The partial
saturation has also been examined by comparing the experi-
mental data with a simulation using eq 18. A good agreement
is achieved (Figure 8a) when the absorption cross section of
C3H3 is set to be larger than 6× 10-18 cm2 (Table 2). This
agreement also confirms the optical saturation in eq 43 under
the present experimental condition.

4.2.5. C2(d3Πg) Swan System.The C2 Swan system, C2(d3Πg),
is of importance in combustion, atmospheric chemistry, and
astrophysics; it has been observed in the photolysis of many
hydrocarbons.42 However, this is the first study to demonstrate
that allene is also a source of C2 Swan system, by irradiating
193 nm light. The slope in the power-dependence measurement
for C2 Swan system is 3.0, which is close to that of C3

+ (Table
1). This study proposes that C2(d3Πg) is generated from the
photodissociation of C3 with a two-photon excitation (Figure
10).

The C3, as mentioned earlier, comes from eqs 38 and 39. Again,
following the aforementioned saturation in eq 39, the generation
of C2 Swan system from C3H4 needs only three photons,
consistent with the measured slope value. The highly vibrational
excitation in the C2(d3Πg) state, as illustrated in Figure 3b,
probably resulted from an impulsive breaking of one of the
carbon-carbon bonds of C3 leading to a nonthermal population
distribution (Figure 4).

4.2.6. C2(D1Σu
+) Mulliken System.The slope in the power-

dependence measurement for the C2(D1Σu
+) Mulliken system

is 1.9, in contrast to 3.0 for the C2(d3Πg) Swan system (Table
1). Moreover, C2(D1Σu

+) is ∼3 eV higher than C2(d3Πg),40

indicating that the two electronic states of C2 are produced from
different channels. The production of the C2(D1Σu

+) states are
proposed to be via C3H2 as

and

In the processes of eqs 38 and 45, three photons are required
for generating C2(D1Σu

+) from C3H4, as depicted in Figure 10.
Similar to eq 39, optical saturation in eq 45 is also assumed
when C3H2 is excited at 193 nm. This assumption makes
understandable the measured slope of 1.9 for C2(D1Σu

+) via eqs
38 and 45. Meanwhile, the same absorption cross section of
C3H2 (Table 2) has been applied, as was used in eq 39 of section
4.2.1, to simulate the power dependence of the C2 Mulliken
system using eq 17. The solid line in Figure 8b agrees fairly
well with the experimental data.

4.2.7. C(2p3s1Po) f C(2p2 1S).In this experiment, the narrow
dispersed-emission line observed at 247.9 nm has been assigned
to be the transition of C(2p3s1Po) f C(2p2 1S) in the carbon
atom. The corresponding energy levels of the C atom are
illustrated in Figure 12.41 The C(2p3s1Po) state promotes an
electron from 2p to 3s in nature. The observed atomic line at
247.9 nm is a consequence of the laser-induced fluorescence
of C(2p3s1Po) f C(2p2 1S) with C(2p2 1D) being excited by
the 193 nm laser at a coincidental resonance. The mechanism

TABLE 2: Absorption Cross Sections and Dissociation Rate Constants Used in Simulation

parametera C3H3
+ b CH(A2∆)b C3H2

+ c C3
+ c C2(D1Σu

+)c

σ(B) 6 × 10-18 6 × 10-18 1.8× 10-17 1.8× 10-17 1.8× 10-17

σ(Ci) 5.9× 10-19 1 × 10-18

σ(D) 1 × 10-48

k1 5 × 1011 5 × 1011 1 × 1011 1 × 1011 1 × 1011

k1′ 1 × 1011 1 × 1011 5 × 1011 5 × 1011 5 × 1011

k3 1 × 1011 1 × 1011

a For each photofragment,σ(X) ) 6 × 10-19, σ(A) ) σ(C) ) 6 × 10-21, k2 ) k2′/5 ) 1 × 1011, andk3′ ) 0. The units forσ andk are cm2 and
s-1, respectively.b The primary photofragment is C3H3. c The primary photofragment is C3H2.

Figure 11. Energy diagram for the reaction channels from C3H4 via
C3H3.

C3H4 f C3H3 + H, ∆H ) 3.81 eV (42)

C3H3 f C2H2 + CH(A2∆), ∆H ) 7.12 eV (43)

C3 f C2(d
3Πg) + C, ∆H ) 9.84 eV (44)

C3H4 f C3H2 + H2, ∆H ) 3.60 eV (38)

C3H2 f CH2 + C2(D
1Σu

+), ∆H ) 12.46 eV (45)
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of C(21D) f
193nm

C(31Po) f
247.9nm

C(21S) has been studied previ-
ously in the photodissociation of CO at 193 nm.53-58

From the energy viewpoint, the C(2p2 1D) state can be
produced from the two-photon excitation of C3 (Figure 10), i.e.,

Following the processes in eqs 46, 38, and 39, the measured
power-dependence slope of 4.2 for C(2p3s1Po) is understandable
to be one unit less than expected. The short counting of one
photon, again, is due to the partial saturation in eq 39.

4.3. SurWey of Photodissociation/Ionization Mechanisms.
The mechanisms for the formation of ionic and luminous
products observed in the photodissociation/ionization of allene
in this experiment are summarized in Table 1. The absorption
cross sections and dissociation rate constants used in the kinetic
model to simulate the laser-power dependence are summarized
in Table 2. It is generally true that the parameters used in the
simulation in this study fit well when the dissociation rates of
C3Hn dominate the competing ionization rates by 2 or 3 orders
of magnitude. The energy diagrams for the possible reaction
channels discussed in section 4.2 are depicted in Figures 10
and 11. According to Table 1, the total number of photons
needed for each proposed mechanism is approximately one unit
more than the experimental measurement. By assuming that
C3H2 and C3H3 are optically saturated in the 193 nm excitation
under the present experimental condition, the power-dependence
measurements can be nicely accounted for by the proposed
mechanisms. The saturation has been supported by some
previous reports28,52 and was further confirmed by simulation
using the kinetic model in this study.

The major ionic products are Cn
+ (n ) 1-3), indicating that

the photodissociation of C3Hn (n ) 1-4) at 193 nm, with
atomic/molecular hydrogen elimination or carbon-carbon bond
rupture, is more favorable than the competing multiphoton
ionization process in these C3Hn hydrocarbons. On the other
hand, both photodissociation and multiphoton ionization should
be possible for C3 at 193 nm excitation. The (one-photon)
absorption cross section for C3 at 193 nm must be small, which
can be justified by the lack of electronic absorption near 193
nm that has been reported in previous investigations on this
well-studied molecule.11 The focused 193 nm laser light thus
could cause a two-photon ionization in C3 f C3

+. Alternatively,
the two-photon excitation of C3 at 193 nm could also lead to
the photodissociation of C3 f C2 + C (∆H ) 7.46 eV), as
discussed in sections 4.2.5 and 4.2.7. In view of the strong
signals in C3

+ and C2 observed in this experiment, photodis-
sociation and multiphoton ionization are both feasible for C3 at
193 nm excitation.

5. Conclusions
This study has detected the ionic and luminous photofrag-

ments of allene excited with a focused laser beam at 193 nm.

A kinetic model is developed to interpret the laser-power
dependence in generating these photofragments in multiphoton
processes. In the reaction mechanisms, competition between
photodissociation and ionization is discussed. The vibrational
population in the C2(d3Πg) state is found to be inverted to a
thermal equilibrium distribution. This study raises an interesting
question. What kind of potential energy surfaces in the dis-
sociative C3 will lead to the formation of the vibrationally
excited C2(d3Πg) state in the photodissociation of allene? To
answer this question, more experimental and theoretical studies
are needed in the future to gain insight into the related reaction
dynamics.

Confirmation of the large absorption cross sections of C3H3

and C3H2 at 193 nm must await additional spectroscopic studies
of these molecules. High-resolution laser spectroscopic studies
of C3H3 and C3H2 for the electronic excitation energies and
absorption cross sections would be very helpful in examining
the proposed saturation in the reaction mechanisms. Rotationally
resolved vibronic spectra of C3H3 and C3H2 would enable
definite geometry determination. Isomerization processes among
the possible isomers of these floppy molecules, in light of high-
resolution laser spectroscopic observation, would be of great
importance in studying reaction dynamics.
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